Abstract Intrinsic biodegradation of trichloroethene and 1,1,1-trichloroethane in groundwater at a Superfund site in California has been observed. An anaerobic zone exists in the area closest to the source location, yielding the expected complement of reductive dechlorination daughter products, including cis-1,2-dichloroethene (cis-DCE) and vinyl chloride (VC). Significant levels of methane and ethene were also generated in the anaerobic zone. The groundwater returns to aerobic conditions downgradient of the source, with methane, ethene, VC, and several other compounds still present. Attenuation of VC in the aerobic zone suggests that it is being biodegraded. In this study microcosms were used to evaluate the role of methane and ethene as primary substrates for aerobic biodegradation of VC. Biodegradation of VC was fastest in the bottles containing ethene, with 40 µmol of VC consumed over a 150 day period, compared to approximately 15-20 µmol with methane or a mixture of methane and ethene. VC did not noticeably inhibit ethene biodegradation but did slow the rate of methane use. Methane inhibited ethene metabolism, which apparently caused a reduction in VC biodegradation when methane was present with ethene. These results suggest that ethene plays an important role during in situ natural attenuation of VC under aerobic conditions. Microcosms were also set up with VC alone. Following a 75 day lag period, VC consumption began and subsequent additions were consumed without a lag, suggesting the presence of organisms capable of using VC as a growth substrate. After providing VC alone for nearly 400 days, aliquots of the enrichment culture were used to evaluate its ability to biodegrade cis-and trans-DCE. Both compounds were readily consumed, although addition of VC as the primary substrate was needed to sustain biodegradation of repeated additions. This result suggests that organisms capable of using VC as a sole substrate may play an active role in aerobic natural attenuation of DCEs.
Introduction
Intrinsic biodegradation of trichloroethene (TCE) and 1,1,1-trichloroethane (1,1,1-TCA) has been documented in groundwater at a Superfund site in California (Cox et al., 1995) . In an aquifer that is normally aerobic, an anaerobic zone developed in the area closest to the location where spent solvents (chlorinated and nonchlorinated) were disposed of in a former lagoon, yielding the expected complement of reductive dechlorination daughter products, including cis-1,2-dichloroethene (cis-DCE) and vinyl chloride (VC). Significant levels of methane and ethene were also generated in the anaerobic zone. The groundwater returned to aerobic conditions downgradient of the source, with methane, ethene, VC, cis-DCE and several other compounds still present. Attenuation of VC and cis-DCE in the aerobic zone suggests that they were biodegraded. However, from the field data and a laboratory investigation (Edwards and Cox, 1997) , it was not possible to discern if VC and cis-DCE were degraded as sole substrates or cometabolically. Prior work with an ethene enrichment culture demonstrated its ability to cometabolize VC (Freedman and Herz, 1996) . The ability of methanotrophs to cometabolize VC is also well established (Dolan and McCarty, 1995) . One of the objectives of this study was to compare methane and ethene as primary substrates for cometabolism of VC, using concentrations of each compound that were observed in situ.
Another objective of this study was to determine if the groundwater and sediment from the Superfund site contained organisms capable of biodegrading VC as a sole substrate, and if so, could VC serve as the primary substrate for cometabolism of cis-and trans-DCE. Aerobic mineralization of VC has been documented previously (Bradley and Chapelle, 1998; Davis and Carpenter, 1990; and may contribute to in situ removal of cis-DCE. An enrichment culture capable of growth on VC was able to cometabolically destroy cis-and trans-DCE (Freedman et al., 1998) . However, the inoculum for that study was from activated sludge. It was therefore of interest to determine if the same type of phenomenon occurs in contaminated groundwater and sediments.
The overall objective of this study was to gain a better understanding of how interactions among methane, ethene, VC and DCEs affect their removal in situ, under aerobic conditions, thereby gaining insight into the processes that are likely to occur during natural attenuation.
Materials and method
The first set of microcosms were set-up by aseptically adding 20 g of sediment (bulk density = 1.75 g/mL) and 50 mL of groundwater to 160-mL serum bottles, leaving 99 ml of airpurged headspace. The sediment and groundwater were taken from monitoring well #3037 at the Superfund site (Cox et al., 1995) and stored at 4ºC prior to use. The initial pH of the groundwater was 6.8. Serum bottles were capped with gray butyl rubber septa. The following treatments were evaluated, using duplicate serum bottles: (1) VC alone; (2) VC + CH 4 ; (3) VC + ethene; (4) VC + CH 4 + ethene; (5) ethene alone; (6) CH 4 alone; and (7) autoclaved controls containing VC + CH 4 + ethene. The autoclave conditions were 121ºC for 15 min on three consecutive days. Compounds were added to the serum bottles aseptically (as neat gases), resulting in aqueous phase concentrations equivalent to what was measured in the anaerobic portion of the groundwater that was closest to the interface with the aerobic zone (well #33): 200 µg/L methane, 112 µg/L ethene, and 2600 µg/L VC. The total amount of compounds added to the serum bottles in order to reach these aqueous concentrations was calculated using dimensionless Henry's Constants of 0.925, 28.4, and 7.6 for VC, methane, and ethene, respectively, at 25ºC. All bottles were incubated quiescently at room temperature, in the dark. Whenever any of the compounds (VC, CH 4 , or ethene) were depleted, the headspace was purged with filter-sterilized air and the initial concentration of each compound was restored with neat gas. Sodium hydroxide (8M) was added as needed to neutralize HCl released from VC and maintain the pH at approximately 6.8.
For experiments to test cometabolism of cis-DCE and trans-DCE, four smaller microcosms were set up using 10 mL serum bottles. Aliquots (5 mL each) from one of the 160-mL bottles that had been fed VC alone for 400 days were added to the 10 mL serum bottles and capped with Teflon-faced rubber septa. cis and trans-DCE were added from diluted water-saturated stock solutions. The serum bottles were incubated on an orbital shaker at room temperature, in the dark. Autoclaved controls were prepared in the same manner and, along with water controls, incubated quiescently. Aqueous phase concentrations were determined based on dimensionless Henry's Constants of 0.130 and 0.331 for cis-and trans-DCE, respectively, at 22ºC.
The total mass of a compound remaining in a serum bottle was determined by gas chromatographic analysis of headspace samples (0.5 mL from the 160 mL serum bottles, 0.1 mL from the 10 mL serum bottles), as previously described (Freedman and Gossett, 1989) . A flame ionization detector was used. 
Results and discussion
Effect of ethene and methane on VC biodegradation VC biodegradation in the 160-mL serum bottles is shown in Figure 1 for the first 76 days of incubation. VC was consumed at a similar rate in the presence of ethene + CH 4 and ethene alone. A noticeably slower rate of VC consumption occurred during this period when just CH 4 was present, while essentially no VC was consumed when it was present as the sole substrate, or in the autoclaved controls (containing CH 4 + ethene).
The cumulative amounts of VC, ethene, and methane consumed in each of the microcosm types, for the whole period of microcosm operation (150 days), are shown in Figure 2 . Beyond day 75, VC biodegradation was fastest in the microcosms with just ethene present. In the bottles with VC + ethene + CH 4 and VC + CH 4 , the rate of VC biodegradation was substantially slower. Numerous studies have shown that methane is an effective primary substrate for cometabolism of VC (Dolan and McCarty, 1995) . The results from these microcosms confirm this, but also indicate that ethene may be a more effective primary substrate. Furthermore, the presence of methane along with ethene inhibited ethene biodegradation (Figure 2b ), thereby inhibiting VC consumption (Figure 2a) . However, VC alone did not inhibit ethene consumption (Figure 2b ), but did inhibit methane uptake (Figure 2c ). It appears that the alkene monooxygenase(s) involved in ethene oxidation are more compatible with VC cometabolism than methane monooxygenase(s). Thus, when evaluating the potential for sequential anaerobic/aerobic treatment of chlorinated ethenes, the role of ethene as a primary substrate for supporting cometabolism of VC should be considered along with methane. Ethene and methane promoted cometabolism of VC even though their aqueous phase concentrations were an order of magnitude lower than that of the VC.
Losses of VC, ethene, and methane in the autoclaved controls over the duration of the experiment were less than 8% of what was added at time zero. This confirmed that disappearance of these gases in the live bottles was a biotic process, rather than sorption, diffusion through the septa, or some other abiotic phenomenon.
Use of VC as a sole substrate
After a lag period of approximately 80 days, VC biodegradation started in the microcosms supplied with VC as the sole substrate (Figure 2a ). Four additions of VC (approximately 2.5 mg/L each) were consumed through day 150 (Figure 3) . Over the next 45 days, no VC was added. However, VC biodegradation resumed after only a brief lag period when it was added back on day 198. Beginning on day 328, the amount of VC added was gradually increased above 3 mg/L to a high of 68 mg/L on day 543. These results demonstrate the presence of an organism in samples from the Superfund site that can aerobically biodegrade VC as a sole substrate. Presumably VC is being used to support growth, although additional studies are needed to confirm this. The parent culture has since been transferred to a minimal salts medium and has continued to consume VC as the sole substrate. Samples from this transfer are being used to isolate the VC-degrading organism.
The performance of the VC enrichment culture shown above is quite distinct from that of Mycobacterium aurum L1, an isolate that also uses VC as a sole substrate Figure 2 Cumulative amount of VC (a), ethene (b), and methane (c) consumed, alone and in the presence of other substrates, in the 160-mL serum bottles. Averages of duplicate bottles are shown accumulation of toxic levels of VC epoxide after VC was reintroduced. With the enrichment culture reported in this study, it went without VC for 45 days, then resumed VC use with only a brief lag. The reason for this difference in ability to withstand long absences from VC is not yet known.
Cometabolism of cis-DCE and trans-DCE
Because cis-DCE and (to a lesser extent) trans-DCE often emerge with VC from an anaerobic plume into an aerobic zone, we investigated the ability of the VC fed culture to degrade these compounds. Four separate microcosms were set-up and initially fed 1.0, 1.9, 3.5, and 7.2 mg/L of cis-DCE, respectively. VC (16 mg/L) was added on day 2. Results for
337 Figure 3 Use of VC as a sole substrate. Results shown are for one 160-mL bottle; the duplicate behaved similarly. On day 400, 20 mL was removed (to set-up the cis-and trans-DCE microcosms) and replaced with minimal medium Figure 4 Biodegradation of low concentrations (0.5-2.4 mg/L) of cis-and trans-DCE (a) in microcosm #1, supplied with VC (b) as the primary substrate microcosm #1 (initially fed 1.9 mg/L of cis-DCE) and microcosm #2 (initially fed 7.2 mg/L of cis-DCE) are shown in Figures 4 and 5, respectively ; the other microcosms behaved similarly (data not shown). cis-DCE was consumed rapidly at all concentrations. Addition of VC appeared to slow the rate of cis-DCE use, as would be expected if competitive inhibition was occurring. Once the VC disappeared, the remaining cis-DCE was again consumed at a high rate. Successive additions of cis-DCE were consumed, although the rate did slow considerably during the fourth addition. In this case, it appears that the lack of any VC biodegradation for nearly 30 days resulted in a shortage of primary substrate. As a third addition of VC was consumed, the remaining cis-DCE was also consumed.
After four additions of cis-DCE were consumed in these microcosms, trans-DCE was added, although at lower concentrations (0.5-0.8 mg/L). The trans-DCE was consumed, along with two more additions of VC, in approximately 41 days. This was considerably slower than the cis-DCE, although still significant. A final addition of cis-DCE was made on day 112, while the final addition of VC was consumed by day 100. The cis-DCE was consumed, but at a much slower rate than the first four additions. This is consistent with the hypothesis that VC is necessary as a primary substrate for cometabolism of DCEs, although when both compounds are present together, competitive inhibition occurs.
Results for the autoclaved and water controls are shown in Figure 6 . Unlike the first set of microcosms with methane, ethene and VC, significant losses of cis-DCE and trans-DCE occurred from the controls. By day 98, more than 86% of both compounds no longer remained in either type of control, indicating that most of the loss was probably due to diffusion through the septa rather than adsorption. Although this magnitude of loss was higher than desirable, it was still substantially less than what occurred in the four live microcosms, indicating that a majority of decrease in cis-and trans-DCE was biotic.
In summary, the enrichment culture that was developed with VC as a sole substrate demonstrated an ability to also biodegrade cis-and trans-DCE. Since the use of both compounds tended to slow down after the VC had been depleted for more than several days, it is presumed that cis-and trans-DCE were cometabolized rather than used as growth substrates. Additional studies are needed to confirm this. 
Conclusions
• In microcosms set up with sediment and groundwater from a Superfund site in California, VC biodegradation occurred without a lag in the presence of methane or ethene; however, over a 150 day period, ethene proved to be a more effective primary substrate than methane.
• VC was not inhibitory to ethene use, but did inhibit methane consumption.
• Biodegradation of VC as a sole substrate started after a lag of 80 days and has since been sustained for nearly 600 days, at concentrations ranging from 2-68 mg/L. • Biodegradation of cis-and trans-DCE occurred with a culture that had been enriched in VC as the sole substrate. The process appears to be cometabolic, with VC serving as the primary substrate. These results are consistent with observations of in situ aerobic biodegradation of VC and cis-DCE when no other substrates are present. In such cases, remediation appears to occur without exogenous addition of a primary substrate (methane, propane, toluene, etc.) to promote cometabolism. 
